Introduction {#sec1}
============

At the present stage, due to the miniaturization of the devices and the rapid development of nano- and microsystems, the task of obtaining micro- and nanostructures using simple reproducible synthetic techniques is of great importance. For instance, one-dimensional (1D) hollow nano- or microscale structures (tubes or scrolls) find numerous advanced applications in energy,^[@ref1],[@ref2]^ drug delivery,^[@ref3],[@ref4]^ medical imaging,^[@ref5]^ biosensing,^[@ref6]^ water-quality testing,^[@ref7]^ or cleaning polluted water.^[@ref8]^ Moreover, the microtubes can be used as self-propelled motors, which are capable of converting chemical energy into driving forces for autonomous movement.^[@ref9]^ Micro- and nanotubular structures with a scroll morphology can be obtained from two-dimensional (2D) materials by organic solvent-assisted lyophilization,^[@ref10]^ hydrothermal synthesis,^[@ref11],[@ref12]^ and self-rolling of a strained bilayer of an inorganic semiconductor,^[@ref13],[@ref14]^ metallic,^[@ref15]^ or polymer films,^[@ref16]^ as well as rolling-up of interfacial gradient layer.^[@ref17]^ The functionality of such structures is determined in large measures by the composition, structure, and physicochemical properties of the inner and outer surfaces of the tube walls. For example, in ref ([@ref18]), the Ag NPs were synthesized on the surface of the microtube template to obtain a conductive coating. However, possibilities of a tube wall modification performed by conventional methods, such as synthesis from the gas phase, sputtering, wet deposition, and other, are limited by the restricted access to the tube interior. The rolled-up technology provides more opportunities for the design of tube surfaces if the planar surface is modified before twisting.^[@ref19]^ In the present work, we suggest using the successive ionic layer deposition (SILD) to modify the surface of iron oxide microtubes by silver nanoparticles (Ag NPs).^[@ref20],[@ref21]^ SILD technology belongs to an extensive group of layer-by-layer synthesis (LbL) techniques.^[@ref22]^ Unlike the traditional LbL approach using polyelectrolytes as reagents, during the SILD synthesis of inorganic layers or nanoparticles on the support, aqueous solutions of salts are used as reagents, whose ions can form a scarcely soluble inorganic compound as a result of the interaction on a solid substrate. Most commonly, the formation of a coating using the LbL method occurs by sequentially immersing the solid substrate in reagent solutions according to a certain scheme, which represents one cycle of the synthesis. This order can be repeated many times, and the number of cycles determines the thickness of the layer synthesized and depends on the synthesis scope. In the present paper, it is proposed to modify the thin solid film free-lying on the surface of the solution by treating its side from the solution with reagents according to a certain scheme, which forms the SILD cycle. To obtain a thin solid film on the surface of the solution, the gas--solution interface technique (GSIT) was used, which has been developed in recent years to produce microtubes with a scroll morphology of various inorganic compounds: sulfides,^[@ref23]^ fluorides,^[@ref24]^ and hydroxides.^[@ref25]^ In particular, it was previously shown that it is possible to synthesize amorphous Fe(OH)~3~ microtubes and spirals,^[@ref26]^ magnetic microscrolls Fe~3~O~4~,^[@ref27]^ crystalline Fe~2~O~3~, and metallic Fe microtubes^[@ref28]^ by GSIT. Among the numerous hydroxides compounds, γ-FeOOH is a typical layered material, so this modification has promising applications in catalysis,^[@ref29]^ water splitting,^[@ref30]−[@ref32]^ energy storage,^[@ref33],[@ref34]^ adsorption,^[@ref35],[@ref36]^ and wastewater treatment.^[@ref37]^

The aim of the present work is to synthesize γ-FeOOH film at the interface between an aqueous solution of iron salt and gaseous ammonia, to modify it with silver nanoparticles by the SILD method, and to study the possibility of obtaining tubular micromotors.

Results and Discussion {#sec2}
======================

As a result of surface treatment of an aqueous FeCl~2~ solution with ammonia vapor, a transparent film with a greenish tint forms on the surface of the solution, which changes color to orange within 20 min of synthesis. According to the results of the scanning electron microscopy (SEM) investigation presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the synthesized film has a thickness of 560--760 nm. From the cross-sectional image ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), it is seen that the film consists of 2D nanoparticles ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02258/suppl_file/ao0c02258_si_001.pdf) in Supporting Information (SI)). From the SEM images of the two sides of the film shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b--d, it can be concluded that there is a significant difference in surface morphology. The surface of the film, which during the synthesis was from the side of air and ammonia vapor, is denser and has pores with a diameter of up to 100 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The surface of the film from the solution side is looser ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), and the thickness of the 2D crystals from which it is formed does not exceed 10 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).

![SEM images of interfacial γ-FeOOH film before (a--d) and after Ag NP synthesis (e--h): (a) cross-sectional image; (b) the film surface from the gas phase; (c, d) the film surface from the solution side with different magnifications; (e, f) the film surface from the solution side after one cycle of Ag NP synthesis by SILD; and (g, h) the film surface from the solution side after three cycles of Ag NP synthesis by SILD.](ao0c02258_0001){#fig1}

At the next stage of synthesis, Ag NPs were obtained on the film surface from the side of an aqueous solution using the SILD technology. The SEM images of surfaces after one and three cycles of synthesis are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e--h. As a result of one synthesis cycle, nanoparticles no larger than 15 nm in size are formed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e,f). After two cycles of synthesis, the particle size reaches 24 nm ([Figures S3--S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02258/suppl_file/ao0c02258_si_001.pdf) in the SI). As a result of the three cycles of the SILD treatments, the particle diameter reaches 35 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g,h).

The results of the X-ray diffraction (XRD) analysis of the synthesized samples are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In the XRD pattern of the film synthesized on the surface of an iron salt solution as a result of the interaction with ammonia vapors ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), numerous peaks related to γ-FeOOH with an orthorhombic crystal lattice can be noted.^[@ref38]^ The X-ray diffraction pattern of the sample after three SILD cycles is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The dominants are maxima at 38.1, 44.3, 64.5, and 77.4°, which can be related to the face-centered cubic (fcc) crystal lattice of Ag.^[@ref39]^

![XRD patterns of γ-FeOOH samples before (a) and after Ag NP synthesis (b).](ao0c02258_0002){#fig2}

The results of the transmission electron microscopy (TEM) analysis of the sample after three cycles of SILD treatments are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In the bright-field TEM image ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), where contrast is formed due to the absorption of electrons, the darker areas belong to Ag NPs. In the dark-field mode, where the contrast is due to the difference in the atomic numbers of the elements; on the contrary, light areas correspond to silver ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). According to these two images, iron oxide has a wrinkled morphology of nanosheets with a thickness of about 6 nm, and silver particles have a rounded shape with a diameter of 6--25 nm. According to the results of electron diffraction analysis ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c), the sample is polycrystalline. The high-resolution (HR) TEM image of a single γ-FeOOH nanosheet confirms its single-crystalline nature ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,e). The lattice fringe of 0.29 nm corresponds to the (110) lattice planes of the γ-FeOOH crystal structure ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Ag NPs are too large for a high-quality HRTEM study; however, an image of the nanoparticle's edges ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,f) confirms its crystalline structure. The interplanar distance of 0.23 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f) is in agreement with the spacing between the (111) planes of the fcc structure of silver.

![TEM images of the γ-FeOOH film modified by Ag NPs as a result of three cycles of SILD: (a) bright-field STEM image; (b) dark-field STEM image; (c) selected area electron diffraction (SAED) pattern; and (d--f) HRTEM images with different magnifications.](ao0c02258_0003){#fig3}

As a result of vacuum-drying, the synthesized film is transformed into microtubes with a diameter of about 10 μm and a length of up to 150 μm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The rolling-up occurs so that the side modified by silver nanoparticles is transformed into the inner surface of the tube.

![SEM images of the γ-FeOOH microtubes with the inner surface modified by Ag NPs: (a) general view and (b) cross-sectional view of a single tube.](ao0c02258_0004){#fig4}

The observed effect can be explained by the following hypothesis. During the GSIT synthesis, a discontinuous thin film is formed at the initial time at the solution--gas interface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), and the gaseous reagent continues to penetrate through its pore. At the second stage of the reaction, the 2D layered γ-FeOOH nanocrystals are formed with the preferred orientation perpendicular to the interface. Within 20 min of synthesis, the film thickness reaches 600--800 nm and a solid film with a gradient of crystal packing is formed. During successive SILD treatments, the film surface from the solution side is exposed to various reagents. When treated with a solution of silver salt, sorption of Ag(NH~3~)~2~^+^ cations occurs, and they are predominantly deposited on the faces of the 2D crystals ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f,h). Then, after removing the excess silver salt solution at the stage of reduction by an aqueous solution of hydrazine, Ag NPs are formed. In this stage, a partial reduction of Fe^3+^ to Fe^2+^ is also possible. As a result of three cycles of SILD synthesis, the size of silver particles reaches 25--35 nm. The difference between the surfaces of the modified film intensifies after Ag NP deposition. The film has a distinct morphology of the top and bottom sides ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,d), and it also has a significant difference in the chemical composition of the surfaces as a result of the modification by Ag NPs. In addition, it is obvious that the film, freely lying on the surface of the water, before drying, has a moisture gradient across the thickness. We suggest that the presence of these features is the driving force of the rolling-up process. It should be noted that density, composition, and humidity gradients are observed in the synthesized film. In the drying process, the film transforms into microtubes with roll morphology primarily due to the removal of water from the porous structure. Obviously, in this case, the complete oxidation of iron to Fe^3+^ is also observed. The synthesized material has a complex hierarchical structure of hollow microtubes consisting of 2D nanocrystals, with an inner surface modified by Ag NPs.

The γ-FeOOH microtubes can decompose a peroxide (H~2~O~2~) into water and oxygen, resulting in an oxygen bubble propulsion system.^[@ref40]^ Microtubes 105 ± 5 μm long and 10 ± 2 μm in diameter were selected as objects for the study of mobility. We tested the velocities in a constant H~2~O~2~ concentration of the microtubes before and after modifications by Ag NPs synthesized as a result of one cycle SILD treatments. Several different types of trajectories have been found for the motion of catalytic microtubes. Chaotic trajectories like Brownian motion were most characteristic of the pure γ-FeOOH microtubes ([Video 1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02258/suppl_file/ao0c02258_si_002.avi)). For modified Ag/FeOOH microtubes, movement along a curved path was most often observed ([Video 2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02258/suppl_file/ao0c02258_si_003.avi)) or at times self-rotation like a propeller occurred. The experimental results presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} indicate that the presence of Ag NPs in the composition of tubular micromotor improves the mobility of modified tubes compared with that of the pure γ-FeOOH microtubes, which do not contain Ag NPs. H~2~O~2~ was catalytically decomposed by the Ag NPs on the inner surface, wherefore gaseous O~2~ bubbles were formed inside the tube channel. The bubbles move toward the open end of the tube, causing it to move in the opposite direction. In the 10% H~2~O~2~ solution, the average speed of the modified Ag/FeOOH microtubes increased from 69 μm/s in the case of pure γ-FeOOH microtubes to 117 μm/s. The fastest tubes traveled at speeds of up to 132 μm/s. These values are slower than those for complex Ti/Fe/Au/Ag nanomembrane microjet motors^[@ref41]^ or tubular micromotors with a Pt catalyst (110--180 μm/s in 20% H~2~O~2~).^[@ref42]^ However, compared with Ag catalytic motors,^[@ref43]^ the average speed of the Ag/FeOOH microtubes in a solution with similar H~2~O~2~ concentration is slightly higher. This phenomenon can be explained by the synergistic effect of the composition and hierarchical morphology of the Ag/FeOOH microtubes. The decomposition of peroxide can occur not only by Ag NPs but also on the faces of the γ-FeOOH nanocrystals inside the tube.^[@ref40],[@ref44]^ Moreover, similarly to ref ([@ref45]), we suppose that the nanocrystalline morphology of the catalytic material obtained, can provide the formation of smaller gas bubbles and, consequently, makes it easier to remove them from the catalyst surface.

![Tracking trajectories of microtubes before (a) and after modification (b). The paths within 14 s are marked with an interval Δ*t* = 1 s.](ao0c02258_0005){#fig5}

Conclusions {#sec3}
===========

In summary, we developed a straightforward interface-assisted route to prepare lepidocrocite (γ-FeOOH) thick solid films that consist of ultrathin nanosheets with a thickness of 7--10 nm. Consecutive treatments of the film lying freely on the solution surface by Ag(NH~3~)~2~NO~3~ and N~2~H~5~OH reagents according to the SILD method leads to the formation of silver nanoparticles on its lower surface. The size of Ag NPs increases with the increasing number of synthesis cycles. As a result of drying in vacuum, the synthesized Ag/FeOOH film is transformed into microtubes with a diameter of about 10 μm and a length of up to 150 μm. Rolling occurs in such a way that the surface modified by silver nanoparticles is transformed into the inner surface of the tube. Two FeOOH tubular samples pure and after modification by Ag NPs were characterized in the reaction of H~2~O~2~ decomposition. The rolled-up Ag/FeOOH microtubes move in hydrogen peroxide solutions with an average speed of 117 μm/s. Synthesized Ag/FeOOH composite material can also be used as a catalyst,^[@ref46]^ sensor,^[@ref47]^ and surface-enhanced Raman spectroscopy (SERS) platform.^[@ref48]^ We believe that the combination of GSIT synthesis and SILD surface modification enabled the fabrication of microtubes with a hierarchical morphology. The developed methodology may be extended to obtain a new generation of inorganic tubular materials with a wide range of functionality.

Methods {#sec4}
=======

Synthesis {#sec4.1}
---------

FeCl~2~·4H~2~O provided by Sigma-Aldrich salt was used as a reagent without further purification. Aqueous solutions of the salt (0.025 M) were made by using Milli-Q high-purity water with a resistivity of more than 18 MΩ/cm. An aqueous solution of ammonium hydroxide (25%, extra pure from Sigma-Tec) was applied as the source of gaseous NH~3~. The synthesis was performed under steady-state conditions in a hermetically closed 50 mL glass-lined chemical reactor at room temperature. Two open vessels with the FeCl~2~ aqueous solution and 25% NH~4~OH were placed nearby. The surface area of the solutions was 8 and 4 cm^2^, respectively. As a result of the interaction between the aqueous solution and gaseous NH~3~ for 20 min, a solid film was obtained on the surface of the solution. This film was transferred to a clean water surface to remove excess reagent solution. The washing procedure was performed twice. After that, the SILD treatments of the lower surface of the free-lying film were carried out. AgNO~3~ salt and NH~4~OH solution provided by Sigma-Tec were used for the preparation of Ag(NH~3~)~2~NO~3~ aqueous solutions, and hydrazine monohydrate (reagent grade, 98%, Sigma-Aldrich) was used as a reducing reagent. The SILD synthesis of Ag NPs was carried out using the 0.005 M Ag(NH~3~)~2~NO~3~ and 0.005 M N~2~H~5~OH aqueous solutions as reagents. During the synthesis, the solid film was placed on the surfaces of (1) Ag(NH~3~)~2~NO~3~ solution, (2) distilled water for washing from reagent excess (twice), (3) N~2~H~5~OH solution for reduction, and (4) distilled water again for double washing. The treatments (1)--(4) on the surface of each of the solutions were carried out for 10 min. Such a treatment constituted one SILD cycle, which was repeated one to three times. Subsequently, the film was transferred to a monocrystalline silicon substrate and vacuum-dried at room temperature. Single-crystal silicon wafers served as the support. The Si plates were treated with a "piranha" solution, i.e., a mixture of 30% H~2~O~2~ and concentrated H~2~SO~4~ (3:7 by volume) for 10 min and then rinsed thoroughly with water. The conceptual illustration of the synthesis process is presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Schematic presentation of GSIT and SILD treatments for the production of the γ-FeOOH microtubes modified by Ag NPs.](ao0c02258_0006){#fig6}

Characterization {#sec4.2}
----------------

The morphology of the synthesized microtubes was defined using Zeiss EVO-40EP or Zeiss Auriga scanning electron microscope (SEM) and Zeiss Libra 200FE transmission electron microscope (TEM). The chemical composition of the samples was determined by electron probe microanalysis (EPMA) using a SEM equipped with an INCA 350 energy-dispersive X-ray spectrometry (EDX) analyzer (Oxford Instruments). X-ray diffraction (XRD) analysis was performed with a Rigaku Miniflex II diffractometer. Before X-ray measurement, the samples of the microtubes were dispersed and placed on a SiO~2~ amorphous glass support. The operation conditions were Cu Kα radiation, 30 kV voltage, and 10 mA current.

To analyze the capability of microtubes to move in water, a number of microtubes with a diameter of about 10 μm and a length of 100 μm were immersed in a 10% H~2~O~2~ aqueous solution. The motions of the microtubes were captured by an optical microscope Biolam (manufactured by LOMO) equipped with an Almeria digital camera.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02258](https://pubs.acs.org/doi/10.1021/acsomega.0c02258?goto=supporting-info).Cross-sectional view of the SEM images of the interfacial γ-FeOOH film; SEM images of the interfacial γ-FeOOH film from the solution side before Ag NP synthesis; and SEM images of the interfacial γ-FeOOH film from the solution side after two cycles of Ag NP synthesis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02258/suppl_file/ao0c02258_si_001.pdf))Motion of pure γ-FeOOH microtube V1_FeOOH (Video 1) ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02258/suppl_file/ao0c02258_si_002.avi))Motion of Ag/FeOOH microtube V2_Ag_FeOOH (Video 2) ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02258/suppl_file/ao0c02258_si_003.avi))
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